From investigations on the SiH 3 and SiH radical density and the surface reaction probability in a remote Ar-H 2 -SiH 4 plasma, it is unambiguously demonstrated that the a-Si:H film quality improves significantly with increasing contribution of SiH 3 and decreasing contribution of very reactive (poly)silane radicals. Device quality a-Si:H is obtained at deposition rates up to 100 Å/s for conditions where film growth is governed by SiH 3 (contribution ~90%) and where SiH has only a minor contribution (~2%). Furthermore, for SiH 3 dominated film growth the effect of the deposition rate on the a-Si:H film properties with respect to the substrate temperature is discussed.
INTRODUCTION
For further optimization of the a-Si:H deposition process and film quality, it is essential to understand a-Si:H film growth, also at commercially interesting high deposition rates. For this reason, an extensive fundamental study is performed on plasma and surface processes in the expanding thermal plasma (ETP), a remote plasma deposition technique which is capable of depositing device quality a-Si:H at rates up to 100 Å/s [1, 2] . In a previous paper, results on the global SiH 4 dissociation reactions in the plasma were presented in order to understand the dependence of the film properties on the plasma settings, i.e., as a function of the H 2 dilution in the Ar-H 2 operated plasma source (See fig. 1 ) [1] . The improvement of the film quality with increasing H 2 dilution was attributed to an increasing contribution of SiH 3 to film growth, due to H abstraction reactions of SiH 4 [1] . On the other hand, the poor film properties at low H 2 dilution were attributed to the high production rate of SiH n (n≤2, thus not SiH 3 ) by Ar + dominated dissociation reactions of SiH 4 . These radicals, created in fast dissociative recombination reactions of silane ions with electrons (leading to a contribution of Si n H m + ions to growth smaller than 9% for all conditions [1, 3] ), or their possible reaction products after reacting with SiH 4 , are expected to contribute significantly to growth at low H 2 flows [1] . In this paper, the proposed reaction scheme is further tested and refined by absolute density measurements of SiH 3 and SiH. Moreover, their contribution to film growth is quantified. It will be shown that SiH 3 is indeed by far dominant at high H 2 dilutions. Additional independent evidence for SiH 3 dominance is found from experiments on the overall surface reaction probability. Furthermore, it will be shown that by tuning the plasma conditions the deposition rate in the ETP technique can be varied over two orders of magnitude while the plasma chemistry remains SiH 3 dominated. The influence of the deposition rate on the film properties will be addressed briefly.
EXPERIMENT
The expanding thermal plasma setup is shown in figure 2 and is extensively described in Ref. [3] . An Ar-H 2 plasma is created in a thermal plasma source (cascaded arc) at ~400 mbar and subsequently expanded into a low-pressure (~0.20 mbar) deposition chamber. SiH 4 , injected in the expansion, is dissociated by the species emanating from the source and its products can deposit at a substrate holder positioned at 35 cm from the plasma source. It is important to note that SiH 4 is not dissociated by electrons due to the very low electron temperature in the expansion, but by reactive atomic or ionic species emanating from the source [3] . At 55 sccs (i.e., SiH 3 and SiH measurements have been performed by cavity ring down absorption spectroscopy (CRDS) at a position of 0.6 and 3.6 cm, respectively, from the substrate holder. Briefly, CRDS is a very sensitive absorption technique where the (line-integrated) absorption is measured by the change of the exponential decay time of a laser light pulse coupled into a cavity formed by two highly reflective mirrors when an absorbing medium (e.g., radicals) is introduced [4] . SiH 3 has also been detected by threshold ionization mass spectrometry (TIMS) at the position of the substrate holder [1] . Furthermore, by the socalled "aperture-well" technique [5, 6] , the overall surface reaction probability β 0 of the depositing species in the plasma has been determined. β 0 is a function of the different fluxes of reactive species towards the substrate and each of their particular surface reaction probabilities β [6] .
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RESULTS AND DISCUSSION
H 2 dilution series
For different H 2 flows added to the Ar in the cascaded arc plasma source, SiH 3 and SiH radicals have been detected by CRDS probing the electronic transitions illustrated in figures 3 and 4. From the values of absorption measured, the ground state densities of the radicals have been determined using the appropriate cross-sections [7, 8] and using a radial density profile as obtained by Abel inverted lateral absorption measurements. The density of SiH 3 (at 0.6 cm from the substrate holder) is within the range (4-10)×10 (at 3.6 cm from the substrate holder). More relevant for a-Si:H deposition is the contribution of the different radicals to film growth. In figure 5 , the contribution of SiH 3 to growth is given as a function of the H 2 flow in the cascaded arc plasma source. Data are given as obtained from both CRDS and TIMS measurements. [7] ) are given in arbitrary units for comparison. figure 5 shows that at low H 2 flows, there needs to be an important contribution of radicals other than SiH 3 (ions have a rather H 2 flow independent contribution of 5-9% [1, 3] ). A possible candidate is SiH, which is, together with Si and SiH 2 , one of the reaction products in the ion-induced dissociation reactions of SiH 4 [1] . SiH can furthermore also be created in sequential radical-radical reactions involving SiH 3 and H. The contribution of SiH to film growth as determined by CRDS is given in figure 6 . It shows that SiH has only a very minor contribution of ~2%, and more importantly, that the contribution is almost H 2 flow independent. Therefore it cannot explain the remaining part of the deposition rate at low H 2 flows as observed in figure 5 . However, from optical emission spectroscopy data on excited SiH as presented in Ref. [1] , there are strong indications that relatively more SiH (but also Si) is produced at very low H 2 flows than at high H 2 flows. This leads therefore to the conclusion that the rather constant contribution of SiH is most probably due the fact that SiH radicals, and SiH n, (n≤2) in general [9] , are very reactive with SiH 4 and are consequently lost to a large extent before reaching the wall or substrate holder. This is corroborated by the dependence of the SiH density on the SiH 4 flow (not shown). The reaction products of SiH n (n≤2) with SiH 4 are most likely polysilane radicals (Si 2 H q , q≤4), because mono-molecular reaction products need stabilization [9] . It is expected that these rather H deficient polysilane radicals created from SiH n, (n≤2) radicals and SiH 4 have also a high reactivity with SiH 4 , but also with the a-Si:H surface. The latter is supposed to be similar to SiH n, (n≤2) radicals, for which values for the surface reaction probability β between 0.6-1 have been proposed [6] .
More evidence for such a transition from very reactive radicals to a dominant contribution of SiH 3 at high H 2 flows is obtained from the behavior of the overall surface reaction probability β 0 on the H 2 flow. Figure 7 shows that β 0 decreases for increasing H 2 flow and finally approaches the typical values reported for SiH 3 (0.1-0.3 [6] ). The value of ~0.3 indicates that at high H 2 flows the major part of the film growth is indeed due to SiH 3 . The larger value of β 0 at very low H 2 flows on the other hand, indicates a considerable contribution of radicals other than SiH 3 , such as reactive (poly)silane radicals for which higher values of β have been reported or are to be expected.
To summarize, from these experiments, together with the results in Ref. [1] and figure 1, clear evidence is presented that the film properties of plasma deposited a-Si:H improve with increasing contribution of SiH 3 to film growth, also at very high deposition rates. The inferior structural film properties at low H 2 flows can be understood in terms of an important contribution of reactive (poly)silane radicals with a high surface reactivity leading more easily to a high surface roughness, columnar film growth and void rich material. The opto-electronic properties, which show even more dependence on the H 2 flow, are influenced by the inferior structural properties (also with respect to oxidation) and possibly also by as-grown defects incorporated by the H deficient radicals.
Deposition rate series
In the previous section, it has been shown that under high H 2 dilution of the Ar in the plasma source, SiH 3 contributes dominantly to film growth while under these conditions the optimum film quality is also obtained. On the basis of this, conditions with high H 2 dilution have been selected such that deposition rates ranging over of two orders of magnitude are obtained under similar plasma chemistry conditions. The corresponding SiH 3 densities plotted versus the deposition rate in figure 8 strongly indicate SiH 3 dominated film growth for deposition rates between 2 and 100 Å/s. This enables well-defined studies of the dependence of film properties on the deposition rate under otherwise similar circumstances [10] , i.e., without significant change in film growth precursors and discharge conditions (e.g., ion bombardment).
One particular question that can be addressed is the following: what is the reason for the fact that a-Si:H deposited at high rates generally requires higher substrate temperatures? For instance, for the ETP technique temperatures higher than 350 °C are required to obtain device quality aSi:H at deposition rates of 50-100 Å/s [1, 2] , whereas at lower deposition rates the optimum in film quality shifts to lower substrate temperatures as illustrated by the photoconductivity in figure 9 . Although we cannot exclude a possible influence of Si n H m + ions whose (minor) contribution decreases from ~6% [3] to less than 0.1% for decreasing deposition rate, we expect that the behavior of the film quality in figure 9 is intrinsically due to the deposition rate itself because for all conditions SiH 3 is governing film growth. An important aspect here is that at low substrate temperatures a higher H content is obtained for the films deposited at higher rates [11] . This implies that for SiH 3 dominated film growth at high deposition rates, H elimination is not efficient enough at low substrate temperatures to lead to dense films with good opto-electronic properties, unless H elimination and film densification can be accelerated by other means, for example by (additional) ion bombardment. This inefficiency of H elimination can possibly be related to rate-limited H elimination reactions on the surface [11] , limited H mobility and network relaxation with respect to conversion of the (sub)surface region into the bulk [12, 13] , and/or limited diffusion of species on the surface coupled to surface roughness evolution [10] .
CONCLUSIONS
It is demonstrated that the a-Si:H quality improves with increasing contribution of SiH 3 while reactive (poly)silanes, whose formation is initiated by H deficient silane radicals such as SiH, lead to inferior film properties. Furthermore, the role of the deposition rate on the film quality for SiH 3 dominated film growth is discussed.
